It is well established that redistribution of the circulating blood volume occurs in a variety of conditions and following the exhibition of a number of pharmacologic agents. An augmentation of central blood volume has been demonstrated when an erect subject assumes the recumbent position (1-3), after the inflation of an antigravity suit (3, 4) , following immersion of the body in water (4) , after the administration of sympathomimetic amines (5) (6) (7) , and when large volumes of blood are transfused to subjects under ganglionic blockade (8) . A shift of blood out of the thorax occurs when the erect position is assumed (1, 2, 9) , following the application of spinal and general anesthesia (10) , positive pressure breathing (7, 11) , the Flack maneuver (12) , venous tourniquets to the extremities (3), and after the administration of ganglionic blocking agents (13, 14) . Considerable difference of opinion exists, however, regarding the influence of muscular exercise on the central blood volume. Some observers (15, 16) have demonstrated a shift of blood out of the thorax; others have found either no consistent (17) or no significant (18) changes, while an increase in the central blood volume has been reported by Mankin and Swan (19) and by Mitchell, Sproule and Chapman (20, 21) . Since a more complete understanding of the circulatory adaptations to exercise would be facilitated by clarification of this problem the present study was undertaken.
METHODS
The 10 subjects, all healthy males ranging in age from 18 to 24 years, were studied in the basal postabsorptive state following the oral administration of 75 or 100 mg of sodium pentobarbital. They had all been thoroughly familiarized beforehand with the laboratory, the equipment and the procedure. Simultaneous with each cardiac After the dilution curve had been recorded, the blank sample and the sample containing dye were drawn in turn through the cuvette densitometer. The same flow rate and densitometer attenuation were employed as during the inscription of the original dilution curve. The alterations in the densitometer signal were recorded and related to the actual concentration of the sample, which was determined by subsequent spectrophotometric analysis. Only a two-sample calibration is required, since the output of the densitometer is linear with respect to dye concentration (23, 25) .
The cardiac output and central blood volume were calculated utilizing the formulas of Stewart and Hamilton (26) after the inscribed dilution curves had been re- In 3 of the 10 subjects the procedure was modified in ume had previously been validated by direct measurements order to minimize the possible effects on the calculated in circulatory models (7, 27) and in studies using flow-central blood volume of any vasoconstriction that might meters for the measurement of cardiac output in dogs (7, occur in the arm during leg exercise. Indwelling needles 25) . The reproducibility of the cardiac output and cen-were placed in both brachial arteries and dilution curves tral blood volume measurements by the technics used were inscribed simultaneously from each artery. Hyin this study was first determined by 23 duplicate deter-peremia was induced in one arm by wrapping it comminations performed 10 minutes apart.. The standard er-pletely in hot moist towels covered with electric heating ror of the duplicate determinations of central blood vol-pads. Dilution curves were then recorded from both ume was 115 ml; that of the cardiac output was 493 ml arms during rest, exercise and recovery periods, as deper minute.
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scribed above. The two simultaneously-determined carFifteen to 20 minutes after the needles and catheter had diac outputs showed little difference. Their average was been inserted, the control measurements were made with multiplied by the mean circulation times to both brachial the subjects supine, but with their feet placed on the arteries in the calculation of the central blood volumes pedals of a bicycle ergometer. (Tables I and II ). The central blood volume increased by 141 to 745 ml in eight subjects; it remained essentially unchanged in one subject (J.H.) and declined 397 ml in the tenth (J.L.) (Figure 1 ). For the group as a whole the increase in central blood volume averaged 285 ml. The oxygen consumption, cardiac output, and systemic vascular resistance had not returned completely to the control levels at the end of the 20 minute recovery period in most of the subjects. During this time interval the central blood volume declined in all ten subjects by an average of 375 ml, with a fall which ranged from 127 to 782 ml ( Figure 1 ). Table I . (28) . The validity of these methods for such determinations remains to be demonstrated. The applicability of the Stewart-Hamilton method to the accurate measurement of the volume of a segment of the vascular bed has been proved in experimental circulatory models (7, 27, 29) as well as in direct comparisons in the dog, both at normal (30) and elevated (31) pulmonary blood flows. Although other investigations (17, (19) (20) (21) on the effects of exercise on central blood volume have utilized the Stewart-Hamilton method, the volume measured was more nebulous than in the present study, since peripheral rather than central venous dye injections were made (32) . The use of serial sampling technics in previous investigations (17, 20, 21) would also appear to be less desirable than the continuous recording of dye concentrations, particularly for the rapid dilution curves which characterize the exercise state.
The "central blood volume" determined in the present study is considered to represent the volume within the vascular bed between the site of injection in the right atrium or superior vena cava and the site of sampling in the brachial artery. It therefore comprises not only the blood in both sides of the heart and lungs, but also includes a significant fraction of the blood in the large arteries. It has recently been pointed out (33, 34) that the mean circulation time, and therefore the calculated central blood volume, may become falsely elevated when the rate of blood flow to the local site from which the dilution curve is sampled decreases. Thus, if the blood flow in the upper extremities decreased significantly during leg exercise, a spurious elevation of calculated central blood volume might result. Indeed, in the three subjects from whom dye curves were simultaneously recorded from both a hyperemic vasodilated arm and from the unheated opposite arm, slight differences in the mean circulation times, and therefore in the calculated central blood volumes, were apparent both at rest and during exercise (Table III) . However, an increase in the calculated central blood volume during exercise and a decline during recovery occurred when the data obtained from both sampling sites were analyzed. Furthermore, it is pertinent that forearm blood flow does not decline in normal subjects during the eighth to tenth minutes (35, 36) of leg exercise. There is, therefore, little to suggest that the exercise-induced elevation in central blood volume described herein can be accounted for by alterations in blood flow to the site of sampling of the dilution curve.
Two of the subjects (J.L. and J.H.) did not demonstrate an augmentation in central blood volume during exercise as did the remainder of the group. Closer perusal of their hemodynamic data, however, may provide fuller insight into the cardiovascular adaptation to exercise. The resting indexes of cardiac output, of left ventricular stroke work, and of central blood volume in these two subjects were the highest values recorded for the entire group. Although the external work performed was identical in all subjects, J.L. and J.H. had the lowest absolute and relative increases in the left ventricular stroke work index, and in the cardiac output per unit increase in oxygen consumption; the cardiac outputs increased only 320 and 377 ml per minute, respectively, for each 100 ml increase in oxygen consumption. These two subjects were also the only two in the entire group who failed at least to double their resting cardiac outputs during exercise, and in whom both the cardiac output and central blood volume were distinctly lower during recovery from exercise than at rest. Clinical examination, however, failed to reveal any significant differences between J.L., J.H., and the rest of the group. 
